Abstract. The efficient market hypothesis implies that (risk-adjusted) asset prices cannot be cointegrated. On the other hand, arbitrage processes prevent prices of fundamentally related assets from drifting too far away. An attractive model that reconciles these two conflicting facts is the non-linear error correction mechanism (ECM). Such a process tolerates small deviations from the long-run relationship. For more substantial deviations, an effective adjustment process pushes the diverging prices towards their fundamental relationship. In this paper parametric and non-parametric techniques are employed to investigate the ECM between prices of voting and non-voting stocks. Despite its intuitive appeal, we find little evidence for a non-linear relationship between German dual-class shares. Only in four out of 12 cases does the threshold ECM yield a substantial improvement of fit. In other cases, the evidence for non-linearity is rather weak and the threshold ECM fails to outperform the linear model.
INTRODUCTION
In an early paper on cointegration, Granger (1986, p. 218) states that`[i]f x t , y t are a pair of prices from a jointly efficient, speculative market, they cannot be cointegrated'. The reason is that whenever two variables are cointegrated, an error correction representation exists so that at least one variable can be forecasted by using the lagged error correction term.
Recently, however, this statement was called into question in a number of studies. For example, Kasa (1992) finds evidence for common stochastic trends (and thus of cointegration) in international stock markets. Kehr (1997) shows that stock prices traded on different regional markets in Germany are cointegrated, and Dittmann (1998) and Kra Èmer (1999) find (fractional) cointegration between different classes of stocks of the same or very similar German companies.
In this paper we consider the possibility that these conflicting views of the efficient market hypothesis can be resolved by assuming a non-linear error correction mechanism (ECM). The idea is that small deviations from the longrun relationship do not lead to predictable changes. If the deviations become large, however, an effective adjustment process prevents stock prices of fundamentally related assets from drifting too far away. The economic reason behind such a non-linear adjustment process is that transaction costs make it unprofitable to exploit small deviations from the fundamental relationship. When undervaluation (or overvaluation) becomes more substantial, agents will buy (or sell) the respective assets until the fundamental relationship is reestablished. This reasoning naturally leads to a non-linear version of the error correction model. In our empirical application, we investigate the predictability due to a non-linear error correction mechanism for a sample of six German dual-class shares. However, it is well known that predictability does not necessarily imply arbitrage opportunities. The profitability of trading strategies also depends on the transaction costs due to reallocations of the portfolio. We therefore compare the return of simple buy-and-hold strategies to the return of a trading strategy based on the relationship between voting and non-voting stocks.
The rest of this paper is organized as follows. In Section 2 we formalize Granger's (1986) statement cited above and introduce the class of non-linear ECMs. Using a simple Monte Carlo experiment we demonstrate that if the data are generated by a threshold ECM, usual cointegration tests may have serious difficulties in detecting the underlying long-run relationship. In Section 3 various cointegration tests are applied to the data. The results suggest that in at least three out of six cases there is substantial evidence for a cointegration relationship. To investigate the possibility of a non-linear error correction mechanism, non-linearity tests and non-parametric kernel estimators are applied in Section 4. These tests suggest that at least for five cases the error correction mechanism is non-linear. In Section 5 we fit a twosided threshold ECM to the data. The economic implications of the results are considered in Section 6 by comparing the returns of alternate trading strategies. Our conclusions from the empirical analysis are presented in Section 7.
PREDICTABILITY IN COINTEGRATED MODELS
Let x t Y y t be a vector of two time series with a triangular representation (cf. Phillips, 1991) :
where Á is the difference operator such that Áx t x t À x tÀ1 . The error terms 4 t and v t are assumed to have a`short memory'. That is, they are stationary or meet some similar requirements like the mixing conditions of Phillips (1987) . This framework is more general than the more familiar assumption of normally distributed stationary errors. It is widely acknowledged that financial time series are often conditionally heteroskedastic and possess leptocurtic distribution functions. Furthermore, our set-up is able to cope with a wide class of non-linear processes. Subtracting y tÀ1 from both sides of (1) gives
which shows that Áy t can be forecasted by using the`error correction term' 4 tÀ1 y tÀ1 À x tÀ1 . If the errors v t or 4 t are correlated with 4 tÀ1 we write (3) in the form of a regression model:
where EÁy t 4 tÀ1 aE4 2 tÀ1 and u t is uncorrelated with y tÀ1 À x tÀ1 . This model will be referred to as the linear ECM.
On capital markets there is reason to expect that the ECM is non-linear (e.g. Martens et al., 1998) . Owing to transaction costs arbitragers will not completely exploit all differences in prices of the same asset. That means that small deviations are`tolerated', but a reversion to the fundamental relationship occurs if the deviation becomes too large. Such a relationship can be translated into a non-linear ECM of the form:
by assuming that the function f Á is close to zero for small values of 4 tÀ1 y tÀ1 À x tÀ1 , whereas for larger deviations from the long-run relation, the function takes large negative values. If f Á is a step function, then y t is called à threshold ECM'. Such models are considered in Balke and Fomby (1997) , Martens et al. (1998) and Enders and Siklos (1999) . For such models the nonlinear function is specified as
This function implies that if the equilibrium error 4 tÀ1 y tÀ1 À x tÀ1 is in the interval ( 1 Y ( 2 then there is no adjustment towards the long-run relationship. If, however, the process exceeds the limits ( 1 or ( 2 then the process pushes the variables towards the long-run relationship.
In practice, such a non-linear ECM may be difficult to detect. As demonstrated by Balke and Fomby (1997) , for large absolute values of ( 1 and ß Verein fu È r Socialpolitik and Blackwell Publishers Ltd 2001 ( 2 the process stays in the non-stationary region for a long time and thus cointegration tests have serious difficulties in indicating a cointegration relationship.
To illustrate the loss of power against threshold alternatives, a Monte Carlo experiment is performed using the following symmetric threshold ECM:
where f 4 tÀ1 f y tÀ1 À x tÀ1 4 tÀ1 0 for j4 tÀ1 j b ( for j4 tÀ1 j ( & and u t is distributed as N0Y 1. Furthermore, x t is a random walk with Áx t $ N0Y 1. The results of the Monte Carlo experiment with T 500 and 1,000 replications of the model are shown in Table 1 . To test the null hypothesis that there is no cointegration between y t and x t , the Dickey±Fuller test is applied to the residuals of the cointegration regression. We use the critical value À2X76 for a regression with two non-stationary variables and a significance level of 0.05 (see Phillips and Ouliaris, 1990) . For ( 0 the datagenerating process is linear and, therefore, this specification can be used as a benchmark to assess the loss of power due to the non-linear form of ECM.
The results shown in Table 1 suggest that the loss of power can be substantial for large values of (. For example, in the linear ECM with À0X05 and ( 0 the power of the test is close to one, whereas the power of the threshold ECM with ( 10 is 0X221 and for ( 15 the power is only slightly higher than the significance level. This outcome demonstrates that the power of a (linear) cointegration test against non-linear alternatives can be weak for high absolute values of the threshold parameter. Phillips and Ouliaris (1990) . The rejection frequencies are computed from 1,000 replications of the model with T 500.
COINTEGRATION TESTS FOR VOTING AND NON-VOTING STOCKS
In this section we apply various cointegration tests to time-series data of pairs of German voting and non-voting shares issued by the same firm (dual-class firm). Daily stock price data adjusted for stock splits, dividends and other corporate events are taken from the Deutsche Finanzdatenbank (DFDB) in Karlsruhe. According to the criteria liquidity and availability of long time series, a sample of six dual-class firms is selected. Among those, four are contained in the index of the 30 largest German blue-chip stocks (DAX) and the remaining two are in the German mid-cap index MDAX. More information on the database can be found in Table 2 . German corporate law requires that holders of non-voting shares must be compensated for the lack of corporate control by a dividend advantage. This usually takes the form of a minimum preferred dividend (stated as percentage of par value) which will be carried forward in particular years of dividend omissions (cumulative preferred dividend). Both the cumulative (past) preferred dividends and the current preferred dividends have to be paid out before the common shareholders can receive anything. In addition some firms commit themselves to pay the non-voting shareholders a certain (non-cumulative) amount in excess of the common stock dividend.
The relationship between stock prices of dual-class shares depends on a number of firm-specific and institutional factors such as dividend payment, liquidity and voting rights (e.g. Hartmann-Wendels and von Hinten, 1989; Kruse et al., 1993; Kunz and Angel, 1996; Gardiol et al., 1997) . Since it is unlikely that these factors have remained constant during the last 25 years (e.g. Weber et al., 1992) we have investigated the structural stability of the relationships in an earlier version of this paper (Breitung and Wulff, 1999) . We found that for RWE, MAN, BMW and BOSS there is a clear indication of a (gradual) structural change during the sample period. In these cases our analysis focuses on the most recent regimes with a stable relationship between the stock prices. The sample ranges of the respective subsamples are given in Table 2 . Notes: Dividend advantage (`Div. adv.') is expressed in per cent of par value, whereby the first figure indicates the minimum dividend and the excess dividend is given after the slash. Obviously, such manipulations of the sampling period are problematical as they may bias the analysis towards finding a stable long-run relationship. On the other hand, mixing different regimes in one sample may hide interesting relationships between the variables. We therefore decided to consider subsamples without an apparent structural instability. The problem of a possible inference bias should be taken into account when interpreting our findings. An additional analysis of the full samples can be found in the earlier version of this paper (cf. Breitung and Wulff, 1999) .
In our statistical analysis we use logarithms of stock prices. Applying (augmented) Dickey±Fuller tests, all variables are found to be non-stationary; that is, the autoregressive representations of the time series possess a unit root. With the exception of Rheinmetall 1 the results are similar to the findings in the earlier literature (e.g. Dittmann, 1998, and Kra Èmer, 1999) and are therefore not repeated here.
To test the cointegration hypothesis we first compute the augmented Dickey±Fuller test (ADF) and the Phillips±Perron test (1988) applied to the residuals from a regression of the non-voting stock prices on the prices of voting stocks. A constant and ten lagged differences are included in the ADF regression and the same lag order is used for the Phillips±Perron test. The critical values of Phillips and Ouliaris (1990) are used. Furthermore, we compute Johansen's (1988) likelihood-ratio test based on a VAR(10) model with a constant restricted to the cointegration relationship. In general, these tests yield similar results. For RWE, BMW and BOSS these tests find a cointegration relationship at the 0.01 significance level. For MAN, VW and RHM the evidence for (linear) cointegration is less clear (see Table 3 ).
As argued in the previous section, these test procedures are based on fairly restrictive assumptions that are problematical in applications using financial 1. Dittmann (1998) found that the stock prices of Rheinmetall are trend stationary. This seems to be due to differences in the sample span. 
EVIDENCE FOR NON-LINEARITY
In this section we investigate the functional form of the error correction mechanism. For this purpose we first estimate the parameter in a regression of the non-voting stock prices on voting stock prices and a constant term using the`fully-modified' approach of Phillips and Hansen (1990) . This estimator employs a non-parametric correction to the least-squares estimator in order to obtain an efficient asymptotically normally distributed estimator. For the correction a Parzen kernel with a truncation lag of 20 is applied. The resulting estimates are presented in Table 4 . If voting and non-voting stocks possess a constant price ratio (that is, if the long-term voting premium is constant), then 1. From the results presented in Table 4 , this hypothesis can be rejected for all but RWE and RHM, as the estimates of are significantly different from unity. For BOSS the relative voting premium increases with stock prices, whereas for MAN, BMW, VW the voting premium decreases with increasing stock prices. Similar results were found by Dittmann (1998) by using an ordinary least-squares estimator.
Next we consider the relationship between the changes in stock prices and the error correction term. Let v t and n t denote the logarithms of voting and non-voting stocks, respectively. The error correction models are given by: 
where denotes the estimate of the cointegration parameter. All variables are corrected for their sample means. Notice that we have re-normalized the cointegration relationship so that both f 1 Á and f 2 Á are expected to be decreasing functions. Since the parameter is estimated super-consistently, the statistical properties are not affected by the estimation of the cointegration parameter and, therefore, the error-in-variable problem is asymptotically negligible.
To test for a non-linear functional form we follow Tsay (1989) and rearrange the data according to the error correction term z tÀ1 n tÀ1 À v tÀ1 (or z tÀ1 v t À À1 n tÀ1 such that z t Ã 1 ! z t Ã , where t Ã is the new`time index'. Using the rearranged sample we are able to test the hypothesis that the relationship between Áy t and z tÀ1 is linear. The idea is that by ordering the observations with respect to z tÀ1 , a non-linear functional form will induce structural breaks in the relationship between Áy t Ã and z t Ã À1 . Hence, the usual tests for a structural break can be used. Specifically, we apply the Chow test procedure with an unknown break point (see Andrews, 1993 ). This procedure is based on the maximum of Chow's LR statistic in a given range of time periods. Here we compute the LR statistics for the interval [0.05T, 0.95T], where T is the sample size. This is the widest range considered in Andrews (1993) . The test statistic is the supremum of the sequence of LR statistics and is denoted by`sup-LR' in Table 5 .
Approximating the non-linear relationship by a fourth-order polynomial in z tÀ1 , we can use a Wald statistic to test the higher-order terms in the polynomial against zero. The results of this parametric test are shown in the column`Wald(poly4)' in Table 5 . Another test for non-linearity is the neural network test proposed by Lee et al. (1993) . This test is derived from the squared multiple correlation of an auxiliary regression of the residuals from a linear regression on the regressors and three principal components of a non-linear transformation of the regressors.
2 Under the null hypothesis of a linear relationship, the test statistic is 1 2 distributed with three degrees of freedom. From the results presented in Table 5 it turns out that in some cases there is clear evidence of a non-linear relationship. In particular, for the two stock classes of MAN and BOSS, as well as the voting share of RHM, all tests indicate departures from the linear model. For VW, Andrews's test against structural breaks indicates a non-linear relationship. However, since the test statistic only slightly exceeds the 0.05 critical value and the other two tests are well below their critical values, we conclude that for VW the evidence for non-linearity is rather weak.
2.
The test statistic is calculated using XploRe macro annlintest. See Ha Èrdle et al. (1999) for more details.
Next we employ the Nadaraya±Watson kernel estimator (e.g. Ha Èrdle, 1990 ) to obtain a non-parametric estimate of the functions f 1 Á and f 2 Á in (7) and (8). The bandwidth is set to h 0X1 which appears to yield an appropriate compromise between smoothness and fit of the regression function.
3 From the estimates presented in Figure 1 it appears that only the estimated functions of the voting stocks of RWE, MAN and RHM and the non-voting stocks of MAN, VW and RHM exhibit non-linear relationships that resemble an asymmetric threshold ECM. For the voting stocks, only RHM shows a slight non-linearity corresponding to a threshold ECM. In all other cases the approximation by a threshold ECM appears to be of limited value. In the next section we nevertheless estimate a threshold ECM for all cases.
THRESHOLD ECM
If the price of the voting stock is too low relative to the price of the non-voting stock, arbitragers will buy the voting stocks and sell short the non-voting stocks. If the voting stock is too high, they will do the opposite. We therefore estimate a two-sided threshold model given by 3.
To compute the estimates we use the XploRe macro regestp. See Ha Èrdle et al. (1999) for more details. 18.50** 11.53** 11.41** Notes: Stocks with a voting right are indicated by`(v)' and non-voting shares are indicated by`(n)'. The column`sup-LR' reports the supLR statistic of Andrews (1993) . The column indicated bỳ LR(poly4)' presents the Wald statistic for linearity against a fourth-order polynomial. The statistic is 1 2 distributed with three degrees of freedom.`Neural net' indicates the non-linearity test of Lee et al. (1993) that is based on an auxiliary regression of the residuals from a linear regression on the regressors and three principal components. The statistic is 1 2 distributed with three degrees of freedom. * and ** indicate significance at the levels 0.05 and 0.01, respectively. where
To estimate the unknown parameters in the following ML procedure is applied. Assuming normally distributed errors the log-likelihood function can be written as
where
1Á represents the indicator function which is one, if the argument is true and zero otherwise. Conditional on ( 1 and ( 2 the likelihood function is easily maximized with respect to 1 and 2 by the least-squares estimator of the subsamples with z tÀ1`(1 and z tÀ1 b ( 2 . Accordingly, a grid search in the interval ( 1 P minz tÀ1 Y 0 and ( 2 P 0Y maxz tÀ1 is adopted to obtain the minimum of ' 2 . In Table 6 , the ML estimates of ( j and j are given. The standard errors for j are estimated conditional on the threshold value. The improvement of fit due to the threshold function can be assessed by comparing R 2 (lin) of a linear ECM and R 2 (thr) from the threshold ECM. In general, the results correspond well to the findings of the previous sections. In those cases where the non-linearity tests and the non-parametric estimates point to the existence of a threshold ECM, the improvement of fit due to the non-linear model is substantial. In particular for both stocks of MAN and the non-voting stock of BOSS we find an important increase in the R 2 measure and significant adjustment parameters 1 and 2 . In the remaining cases, however, the improvement of fit is quite limited. For RWE(n), BMW(v) and VW(v) we obtain (insignificant) positive estimates for the adjustment parameters 1 or 2 .
ECONOMIC IMPLICATIONS
In this section we investigate economic implications of the estimated model. As is well known, predictability does not necessarily imply profitability. To determine whether predictions based on a threshold error correction model can be used to construct more profitable trading rules than simple buy-and-hold strategies, the following switching strategy is adopted. First, assume that the investor applies a buy-and-hold strategy of either the voting or the non-voting shares. The respective annualized return of the voting stocks is denoted by r v , and r n indicates the return of the non-voting stock. The return of the switching portfolio r s results from a portfolio that is reallocated between voting and nonvoting shares, depending on the value of the lagged error correction term. It is assumed that at the beginning of the sampling period the investor is invested in voting stocks. If the error correction term indicates that the non-voting stock is undervalued or the voting stock is overvalued (i.e. the prices exceed the estimated thresholds) the investor sells the voting stocks in order to switch into non-voting stocks. Similarly, the investor switches back to voting stocks, if the error correction exceeds the respective thresholds. The annualized return of this strategy is denoted by r s .
For the given sample periods, the average daily returns of these three strategies (two buy-and-hold strategies based on voting and non-voting stocks and the switching strategy) are displayed in Table 7 . The annualized returns are computed by neglecting the transaction costs of the switching strategy. Of course, such an experiment is unrealistic so that for the second experiment we assume that for a change of stocks the transaction costs are 1 per cent of the value of trade (0.5 per cent for selling one stock and 0.5 per cent for buying the other stock). The resulting annualized return is denoted by r Ã s . It is interesting to note that there is no clear indication that holding voting shares (resp. non-voting shares) outperforms the investment in non-voting shares (voting shares). For MAN, BMW, VW the return of voting shares is slightly higher than the return of non-voting shares, whereas for RWE, RHM, BOSS the buy-and-hold strategy for non-voting shares is superior. Neglecting transaction costs, we found that the switching strategy always outperforms the buy-and-hold strategies. The gain of the switching strategy seems to depend on the number of switches. For BOSS the error correction model suggests 41 switches during the sample span (3 years and 3 months) with a return that is roughly twice as large as the return of the buy-and-hold strategies. On the other hand, there is only a slight gain for the switching strategy in the case of MAN (10 switches), BMW (7), VW (12) and RHM (2).
In practice a high number of switches between voting and non-voting stocks imply substantial transaction costs that should be accounted for in a realistic comparison of trading strategies. Indeed, the returns adjusted for transaction costs (r Ã s ) indicate that the higher profit of the switching strategy is reduced to the levels of the buy-and-hold strategies when transaction costs are taken into account. Nevertheless, for MAN, BMW and BOSS the gain from the switching strategy is still substantial.
DISCUSSION
It has been argued that in principle the non-linear ECM is able to reconcile conflicting facts concerning the efficient market hypothesis. It allows small and unpredictable deviations from the long-run relationship between funda- Notes: The entries of the table display the annualized returns of various strategies. r v and r n are the returns of the buy-and-hold strategies for voting and non-voting stocks. r s is the return of the switching strategy without taking into account any transaction costs. r Ã s is the return of the switching strategy by assuming transaction costs of 1 per cent for a switch from one share to the other. The row`switches' displays the number of switches during the sampling period.
mentally related assets such as dual-class shares. If the deviations become large the non-linear error correction mechanism pushes the stock prices towards their long-run relationship.
Despite its intuitive appeal, we only find limited evidence for such a nonlinear relationship between German dual-class shares. The threshold ECM yields a substantial improvement of fit only for the non-voting stocks of MAN, BOSS and RHM. In other cases, the evidence for non-linearity is quite weak and the threshold ECM fails to outperform the linear model.
Our results indicate that trading rules based on the long-run relationship between dual-class shares appear to have only a limited potential. In the best case (the non-voting share of BOSS) the in-sample R 2 is only 0.03. Nevertheless, a trading rule based on the threshold error correction model outperforms the buy-and-hold strategy in our sample, even if transaction costs are taken into account. Furthermore, it is important to note that for our comparison the model is estimated by using all available information, whereas in practice, only the past observations can be used to estimate the model. This may further reduce the profitability of a trading rule based on an error correction model.
In sum, our analysis suggests that there is only a very weak basis for exploiting the relationship between dual-class stocks in order to construct a profitable trading strategy.
